Baroreflex function plays a critical role in the maintenance of cardiovascular homeostasis and is impaired in different types of hypertension in both human and animals. Chronic intermittent hypobaric hypoxia (CIHH) facilitates baroreflex in anesthetized rats. The aim of the present study was to investigate the effect of CIHH on arterial blood pressure (ABP) and baroreflex function in renal vascular hypertension (RVH) rats. Adult male Sprague-Dawley rats were randomly divided into four groups: Sham-operated (SHAM), RVH, CIHH treatment (CIHH), and RVH plus CIHH (RVH+CIHH) groups. RVH was induced by the 2-kidney-1-clip method. CIHH rats experienced 28-day (6 h per day) hypobaric hypoxia simulating 5,000 m altitude in a hypobaric chamber. Renal sympathetic nerve activity (RSNA), ABP and heart rate (HR) were recorded. Baroreflex was elicited by intravenous infu-sion of phenylephrine (PE, 25 μg/kg) and sodium nitroprusside (SNP, 10 μg/KG), respectively. Baroreflex curves were plotted by using RSNA or HR v.s. mean arterial pressure (MAP). The systolic ABP measured by tail-cuff method was significantly higher in the RVH rats compared with the SHAM rats. Furthermore, RSNA-MAP baroreflex curves shifted to the right and upward with a decrease in baroreflex gain (Gmax) in RVH rats. CIHH treatment significantly decreased systolic ABP in RVH rats to the level in the SHAM rats and shifted RSNA-MAP baroreflex curves to the left and downward with a normalized Gmax. These data suggest that CIHH treatment produces an antihypertensive effect in RVH rats, likely due to facilitating baroreflex function. Thus, CIHH represents a potential novel therapeutics to treat hypertension.
Introduction
Hypertension is a long-term gradually progressive disease characterized by an increase in sympathetic outflow and arterial blood pressure (ABP) (35) . Hypertension is a major risk factor for cardiovascular diseases, such as stroke, coronary heart and renal diseases (17) . Excessive sympathetic nervous activation plays an important role in the pathogenesis of hypertension. Previous studies have shown that elevated sympathetic outflow is a common feature in several types of hypertension in human beings such as essential hypertension, renal vascular hypertension (RVH) and diabetes and obesity-related hypertension (10, 27, 33) . Sympathetic efferent nerve activity is also significantly increased in animal models of hypertension such as spontaneously hypertensive rats (SHR), salt sensitivity hypertension rats, renal vascular hypertensive rats and obesity-related hypertension (2, 5, 16) . The mechanisms underlying hypertension, however, have not been fully understood. Although many different kinds of anti-hypertension medications have been developed to treat various types of hypertension (25) , prevention and treatment of hypertension are still a challenge because some hypertension patients are unresponsive to the available anti-hypertensive medication (23) . Furthermore, the side effects of these anti-hypertensive medications, to some extent, limit their clinical usage (4) . In addition, some invasive methods designated to treat severe hypertension, such as deep brain stimulation (22) and renal nerve denervation (20) , are not suitable for all hypertension patients. It is, therefore, critical to seek novel therapeutics for treatment of hypertension.
An increasing number of studies have shown that chronic intermittent hypobaric hypoxia (CIHH) produces numerous beneficial effects on organ function. In this regard, CIHH produces cardiac protection (38) , enhances immune function (30) , improves blood lipid metabolism in patients with coronary heart disease (31) , and increase the detoxification capacity of the liver (36) . Our studies have shown that CIHH-induced cardioprotection includes reducing infarct size, accelerating the recovery of myocardial contraction from ischemia/reperfusion or hypoxia/reoxygenation, and anti-arrhythmic action (38) . It has been shown that CIHH decreases the ABP in patients with essential hypertension and SHR (1, 18) . However, it is unknown whether CIHH exerts a depressor effect in other types of hypertension such as RVH.
Baroreflex is important in the regulation of ABP and plays a critical role in the maintenance of cardiovascular homeostasis (34) . Many studies reported that baroreflex function is impaired in RVH and obesity-related hypertension in both animal and human (14) . Our previous study has shown that CIHH facilitates carotid sinus baroreflex in anesthetized rats, suggesting that CIHH treatment is a potential anti-hypertension mechanism through facilitating baroreflex function (8) . In this study, we hypothesized that CIHH produces an anti-hypertensive effect in RVH rats through facilitating the baroreflex control of sympathetic efferent nerve activity.
Materials and Methods

Animal Group and Hypoxia Treatment
Adult male Sprague-Dawley rats (170-190 g) were used in this study. The animal experimental protocols in this study were approved by the Committee on the Use of Animals for Teaching and Research of Hebei Medical University. All the experiments were conducted in compliance with the Guide for the Care and Use of Laboratory Animals (National Research Council, 1996) . The rats were obtained from the Experimental Animal Center of Hebei Province, China, and were randomly divided into four groups: Shamoperated group (SHAM), RVH group (RVH), CIHH group (CIHH), and RVH plus CIHH (RVH+CIHH) group. Two-kidney-1-clip (2K1C) method was used to induce hypertension in RVH rats. CIHH procedure was performed to simulate 5,000 m altitude, 6 h daily for 28 days in a hypobaric chamber (P B = 404 mmHg, Po 2 = 84 mmHg). This CIHH protocol was used extensively in our and other labs and was proven to be effective to induce a beneficial effects in rats (7, 8, 36, 38) . RVH+CIHH rats were treated with both CIHH and 2K1C. The rats in the SHAM group were subjected to abdominal operation without artery clamp and CIHH. The systolic ABP in conscious rats was measured by a tail-cuff pressure meter (LE5001, Panlab, Spain) once a week.
RVH Rat Model
RVH was induced by the Goldblatt 2K1C method as described in a previous study (3) . Briefly, the rats were anesthetized with sodium pentobarbital (35 mg/ kg,ip) and a retroperitoneal flank incision was performed. The left renal artery was exposed and partially occluded by a U-shaped silver clip with an internal diameter of 0.20 mm. The rats were kept four weeks for full recovery from the operation. SHAM rats (normotensive sham-operated) underwent a similar surgical procedure but without the clip placement. Only 2K1C rats with systolic ABP > 150 mmHg were used in the experiment (12) .
Measurement of Renal Sympathetic Nerve Activity (RSNA) and Assessment of Baroreflex Function in Anesthetized Rats
After the 28-day treatment period the rats were anesthetized with 25% urethane and 10% chloral hydrate (2:1, 0.5 ml/100g, ip) and additional anesthetics was given as needed (0.1 ml, ip) to maintain the anesthesia level as indicated by stable ABP and heart rate (HR). The body temperature was maintained at 37±0.5 °C throughout the experiment by a heating pad. The trachea was cannulated and the rats were ventilated mechanically with 100% O 2 (Harvard Apparatus Inc, Holliston, MA, USA). The left femoral artery was cannulated for ABP measurement and right femoral vein was cannulated for drug administration. At the end of the experiments, rats were sacrificed by overdose of urethane (i.v).
The left kidney was exposed via a retroperitoneal approach. A branch of the renal sympathetic nerve was carefully isolated from the surrounding tissue and clamped distally to eliminate the afferent activity. The isolated nerve was placed on a bipolar sliver electrode for recording and immediately immersed in warm liquid paraffin (37) to avoid nerve drying and to provide insulation. RSNA was filtered (160 Hz -1,000 Hz) and amplified with a set of biological function experimental system (PowerLab, ADI instrument, Australia; DP301 amplifier, Warner). The amplified signal was integrated (160 ms) and acquired with computer software. At the end of each experiment, the proximal end of the nerve was clamped to block the nerve discharge and the noise level was determined for reference. The baseline level of RSNA was defined as 100% and deviations evoked by phenylephrine (PE, 25 μg, i.v.) and sodium nitroprusside (SNP, 10 μg, i.v.) were expressed as a percentage of the baseline. Noise was subtracted in all cases.
Data Analysis
RSNA vs. mean arterial pressure (MAP) c u r v e s a n d H R v s . M A P c u r v e s w e r e c r eated and fitted by sigmoid logistic function of equation: RSNA = (P1-P2)/ 1+ exp[P3×(BP -P4)] + P2 , where P1 is the upper plateau of the curve, P2 is the lower plateau, P3 is a coefficient describing the distribution of gain along the curve, and P4 is the MAP in the midpoint of the curve (BP50) (13) . The distribution of gain as a function of MAP was calculated as the first derivative of equation. Maximum gain (Gmax) was calculated according to the formula Gmax = P3×(P1 -P2) /4. Baroreflex response curves were constructed, and their parameters were calculated for each nerve in each animal, and then averaged across the animals (26, 34) .
Statistical Analysis
All data are expressed as mean ± standard error of the mean (SEM). Statistical analysis was performed using SigmaStat software. A one-way Analysis of variance (ANOVA) with post hoc Turkey correction was used to identify differences between groups. Significance was defined as P < 0.05.
Results
CIHH Reduced ABP and Recovered Body Weight Decrease in RVH Rats
The systolic arterial pressure was significantly higher in the RVH rats than in the SHAM rats three weeks after the 2K1C operation (RVH 161.2 ± 3.5 vs. SHAM 104.7 ± 2.7 mmHg, n = 6 in each group, P < 0.01). CIHH treatment for 4 weeks significantly reduced systolic ABP in the RVH+CIHH rats (from 162.4±6.2 mmHg to 131.4±1.7 mmHg). However, CIHH did not significantly affect systolic ABP in the SHAM rats (Fig. 1) . These data indicate that CIHH treatment has an anti-hypertensive effect in the RVH rats.
The body weight was decreased in the RVH rats 3 weeks after the operation compared with the SHAM rats, and the decreased body weight in the RVH rats was effectively recovered by the CIHH treatment ( Table 1) .
Effects of CIHH on Baroreflex Control of Sympathetic Activity
In the anesthetized rats, the basal level of RSNA was 0.46 ± 0.03 µV.s in the RVH rats, 0.20 ± 0.01 μV.s in the SHAM rats, 0.13 ± 0.02 μV.s in the CIHH rats, and 0.23 ± 0.02 μV.s in the RVH+CIHH rats. The basal level of RSNA was significantly higher in the RVH rats than that in the SHAM rats (P > 0.01, n = 6 in each group, Fig. 2 ).
To determine if baroreflex control of RSNA was altered in the RVH rats and RVH rats which received CIHH treatment, baroreflex function was evaluated by manipulating ABP through intravenous infusion of PE and SNP. In the RVH rats, the baroreflex function curve of RSNA-MAP was shifted to the rightwards and upwards compared with the SHAM rats. Furthermore, the gain curve of RSNA-MAP was shifted downward in the RVH rats (Fig. 3A) . The maximal gain was 0.76 ± 0. 13 ± 0.21, and 0.78 ± 0.19 %/mmHg in the SHAM, RVH, CIHH, and RVH+CIHH rats, respectively. The maximal gain of RSNA-MAP was significantly decreased in the RVH rats compared with other rats (P > 0.05, Fig. 3B ). The lower plateau of the RSNA-MAP curve (the P2 value) was significantly increased in the RVH rats compared with the SHAM rats. In addition, the Gmax of the RSNA-MAP curve was significantly decreased in the RVH rats compared with the SHAM rats (P > 0.05, Table 2 ). In the RVH rats, CIHH treatment restored the RSNA-MAP function curve by shifting the curve to the left and downward. Furthermore, the RSNA-MAP gain curve in the RVH+CIHH rats was similar to the curve in that SHAM rats (Fig. 3, A and B) . In the CIHH-treated RVH rats, the P2 value was also decreased compared with that of the RVH rats, and the Gmax was enhanced compared with the RVH (Table 2 ).
These results suggest that CIHH treatment rescued the impaired baroreflex-mediated sympathetic inhibition in RVH.
Effects of CIHH on the Baroreflex Regulation of HR
In the anesthetized rats, the basal HR did not differ between the RVH and SHAM rats (408 ± 11 bpm in RVH vs. 381 ± 7 bpm in SHAM, P > 0.05). In the RVH rats, the HR-BP baroreflex function curve and the gain curve of HR-MAP were shifted right and downward compared with the SHAM rats (Fig. 4, A and B) . The maximal gain was 3.07 ± 1.02, 1.21 ± 0.68, 2.45 ± 0.92, and 0.97 ± 0.71 %/mmHg in the SHAM, RVH, CIHH, and RVH+CIHH rats, respectively. The maximal gain of HR-MAP was significantly decreased in RVH and in RVH+CIHH rats compared with the SHAM and CIHH rats (P < 0.05) (Fig. 4B) . The P2 value was significantly el- evated in the RVH rats compared with the SHAM rats. The Gmax was decreased in the RVH rats compared with the SHAM rats ( Table 3) . CIHH treatment significantly reduced basal HR in the RVH rats (408 ± 11 bpm in RVH vs. 311 ± 4 bpm in RVH+CIHH, P < 0.01), but had no effect on baroreflex-induced decrease and Gmax in HR during increases in blood pressures (P > 0.05, Table 3 , Fig.  4, A and B) . These results suggest that CIHH treatment had no effect on baroreflex control of HR in the RVH rats.
Discussion
In this study, CIHH treatment was found to decrease the ABP in RVH rats but had no effect on the ABP in the SHAM rats. Furthermore, CIHH rescued the diminished baroreflex-control of RSNA in the RVH rats. To our knowledge, this is the first study showing that CIHH exerts an anti-hypertension effect on ABP in RVH rats, an effect related to the facilitation of the baroreflex function. In consistence with our previous study that showed that CIHH rescued the decreased bodyweight in sickness (29) , this study further showed that the diminished bodyweight in RVH rats was effectively prevented by CIHH treatment, demonstrating the beneficial effect of CIHH on the bodyweight again.
Epidemiological studies have shown that the ABP in people living at high altitude (3,780-4,650 m above sea level) is 10-15 mmHg lower than that in people living at sea level (19) . Furthermore, incidence of hypertension in high-altitude residents is significantly lower compared with that in residents at sea level (28) . These observations suggest that the high-plateau hypoxia environment may have an anti-hypertensive effect. Furthermore, the anti-hypertensive effect of intermittent hypobaric hypoxia has also been confirmed by many studies in humans and mammals. For example, Aleshin et al. found that arterial pressure in patients with essential hypertension was significantly reduced after 3-week intermittent hypoxia exposure (simulating 3,500 m altitude, 30 minutes a day, five days a week) in a hypobaric cabin (1). Also, Manukhina et al. reported that intermittent hypobaric hypoxia (simulating 4,000 m altitude, 4 hours a day for 40 days) had a profound depressor effect on arterial pressure in SHR (18) . Together with the finding of the present study showing that CIHH (simulating 5,000 m altitude, 6 hours per day, for 28-42 days) decreased ABP in RVH rats, it is likely that CIHH has an anti-hypertensive effect in different types of hypertension.
It is well known that baroreflex is the primary negative feedback mechanism regulating systemic ABP and maintaining cardiovascular homeostasis. An elevated arterial pressure reflexively decreases HR and sympathetic outflow to result in a depressor response; in contrast, a decrease in blood pressure increases HR and sympathetic outflow to result in a pressor response. Numerous studies have indicated that baroreflex function is impaired in human hypertension and many types of animal hypertension models, such as spontaneous hypertension, RVH and obesity-related hypertension (14) . Furthermore, impaired baroreflex function is involved in the development of hypertension (34) . The present study demonstrated that CIHH treatment enhanced the baroreflex and improved the impaired baroreflex function in the RVH rats, which might be at least a part of the mechanism underlying the antihypertensive effect of CIHH. In this study, CIHH treatment rescued the impaired baroreflex-mediated sympathetic outflow inhibition in RVH, suggesting that CIHH acts on the baroreflex center to accomplish its effect. Also CIHH enhanced the baroreflex control of RSNA but was no effect on the baroreflex control of HR, which suggests that CIHH improves the baroreflex function in the RVH rats mainly via baroreflex control of RSNA. However, the central mechanism for the baroreflex enhancement or anti-hypertension of CIHH is not elucidated. Our primary data in an ongoing study showed that the RhoA/ROCK-NO signaling pathway at the nucleus tractus solitarii (NTS) level partici- See footnote to Table 2 for the abbreviation used. All data are expressed as mean ± SEM; n=6. *P < 0.05, **P < 0.01 vs. SHAM; # P < 0.05, ## P < 0.01 vs. RVH.
pated in the effect of CIHH on baroreflex enhancement. Previous studies have shown that the biological effect of intermittent hypoxia on physiological functions depends not only on the hypoxia level but also on the length of the interval between hypoxia and normoxia (6) . Different protocols of intermittent hypoxia produce diverse responses. For example, a long-cycle intermittent hypobaric hypoxia (six hours a day for 28-42 days) has a cardiac protective effect (23) and also an anti-hypertensive effect in the current study. On the other hand, the short-cycle intermittent normobaric hypoxia in the obstructive sleep apnea (OSA) patients may cause hypertension (15) . Furthermore, normobaric hypoxia (20-50 s hypoxia 20-50 s normoxia alternately, 10-12 h a day) mimicking patients with OSA syndrome causes an increase in ABP and deleterious myocardial infarction induced by cardiac ischemia/reperfusion (24) . However, the mechanisms underlying the diverse effects of hypobaric and normobaric hypoxia on ABP are not unclear. It has been shown that intermittent normobaric hypoxia impairs baroreflex function and then results in hypertension in rats (11) . Neonatal intermittent normobaric hypoxia also induces a reduced baroreflex function in adult rats (4) . In line with our previous study showing that CIHH facilitated the baroreflex function (8) , this study demonstrated that CIHH treatment restored the impaired baroreflex function and induced a depressor response in RVH rats. Therefore, the aforementioned observations suggest that the opposite effect of hypobaric hypoxia and normobaric hypoxia on ABP, at least in part, resulted from the change of baroreflex function. Studies have shown that the chemoreflex activity was enhanced and the renin-angiotensin system (RAS) was activated in hypertension induced by intermittent hypoxia mimicking the OSA syndrome, suggesting that the chemoreflex and the rennin-angiotensin system plays important roles in the OSA hypertension (28) . The activity of chemoreflex and rennin-angiotensin system might be a key determinant for the depressor or promoter effects of intermittent hypoxia on blood pressure, which needs more researches to confirm.
Although the anti-hypertensive mechanisms of hypoxia adaptation are not completely understood, they likely have impact on several major steps in the pathogenesis of sustained hypertension, including sympathetic nervous activity, Ca 2+ loading of vascular smooth muscle, water and salt metabolism, oxidative stress, endothelial dysfunction, and reduced synthesis and/or availability of NO (28) . For example, in the renal hypertensive rat model, the renin-angiotensin-aldosterone system is over-activated due to kidney ischemia, resulting in vessel contraction, sodium water retention and hypertension (21) . It can be speculated that CIHH fulfils its anti-hypertensive effect through inhibiting or alleviating the over-activation of rennin-angiotensin-aldosterone system. In addition, the vasomotion of resistance vessels is another factor in hypertension. Our previous study showed that CIHH attenuates Angiotensin (ANG II)-induced contraction and enhances Acetylcholine (ACH)-induced relaxation in rat thoracic aorta, which was related to the opening of ATP-sensitive potassium (KATP) channels, the increase of NO production, and the activation of opioid receptors (32, 37) . It is likely that CIHH decreases high blood pressure through decreasing vasocontraction and increasing vasorelaxation, consequently decreasing peripheral resistance, which might be another mechanism for the anti-hypertension effect of CIHH.
Our previous studies have shown that the CIHH has a variety of beneficial effects such as protection for the brain, liver, blood and the immune systems in addition to the cardioprotective and anti-hypertensive effects (9, 29) . Considering that CIHH treatment exerts anti-hypertensive effects on a variety of types of hypertension, and has many beneficial effects on other vital organs, CIHH treatment may be a potential novel therapeutic strategy to treat hypertension.
